Introduction
Cities are complex systems in which different actors and components interact, responding to internal and external stimuli. Every city has unique characteristics, such as the geography, demography, environmental conditions, etc., which gives them a certain identity [2] . The different components of a city include its natural resources, fauna, public infrastructure, residential buildings, industry, or traffic, to name a few. However, the main driving actor of a city are the citizens, who are the only who can knowingly take decisions on how to change and adapt to different situations during the lifetime of an urban environment.
Smart cities have been characterized by the investment in human and social capital and infrastructure, with the goal of attaining a sustainable economic growth and high quality of life, through participatory governance, as defined in [8] . This conceptualization puts emphasis on the participatory nature of decisions and actions in a smart city, changing the top-down paradigm that is currently in place in most urban environments.
Some of the key concerns of citizens in urban areas is related to their interactions with the local environment. This includes the sustainable use of natural resources, the efficient management of energy, the disposal of waste and residues, or the emission and exposure to pollutants. Pollution is a particularly sensible issue, as it affects the life and health of the citizens, and of the society in general. In particular, air pollution is one of the most important and most studied cases, given its direct impact, not only on the health and lifestyle of citizens, but also on the rest of the components of an urban settlement [27] . In fact, it is estimated that around 7 million premature deaths are attributable to air pollution [29] worldwide. Cardiopulmonary, cardiovascular and ischemic heart diseases have been linked to sustained exposure to certain air pollutants in urban environments, making it a global health concern.
In order to explain air quality conditions in a city, it is important to understand how the air pollutants are produced and how they disperse in a certain geographical area. This challenge has been addressed from different points of view. One possibility is to elaborate a model that simulates the air pollutants behavior, e. g. based on dispersion models, pollution map interpolation models, regression models, etc. [30] . These typically require a set of input data in order to be generated, including accurate reference air quality measurements, pollutant sources, city street models, wind direction, temperature and other weather data, among others. However, it has been evidenced that air pollution conditions present highly localized patterns [28] , which can vary greatly from one street to the next one. Moreover, coverage of city-wide air quality observations can be impractical and unfeasible using standard stations, as it would be prohibitive in terms of costs, and also because of mobility restrictions [14] .
The OpenSense2 1 project aims at integrating air quality measurements captured by heterogeneous mobile and crowdsensing data sources, in order to understand the impact of urban air pollution exposure in the citizens' health. In this paper we use this project as an example of how we can empower citizens through the use of information and communication technologies, to enable city-wide monitoring solutions where we mix both participatory and infrastructure sensing in a coherent distributed system. Our experience in this complex deployment reveals that we are able to cope with many of the main outstanding challenges in smart city monitoring. Furthermore, through a real use case in the city of Lausanne, we show the feasibility of the approach, and the various advantages that it brings over alternative solutions. Finally, we provide a set of ICT open source tools, which can be reused in similar projects in different domains.
The remainder of the paper is structured as follows. First, we present the state of the art in Sect. "Related Work". In Sect. "Citizen Participation in Smart Cities" we introduce the main characteristics of a citizen-driven approach in this context. Then, we introduce the air quality monitoring use case as a motivating example. In Sect. "Empowering Citizen Monitoring through ICT" we identify the main features of ICT solutions for participatory monitoring in a Smart City. Afterwards, we describe the overall approach of OpenSense2 in Sect. "OpenSense2: Participatory Air Quality Monitoring". In Sect. "OpenSense2 Lausanne Deployment" we provide more concrete details about the Lausanne deployment, before concluding in Sect. "Conclusions & Future Work".
Related Work
Air Quality monitoring has been widely studied, and different approaches have been used, ranging from sensors on bicycles [10, 19] , vehicles [4, 15] and handheld devices [11] . Interactions between different types of sensors in this case, remains an important question, and it is still needed to understand how different types of sensor networks can be combined effectively. This becomes even more complex in the context of crowdsensing, where incentives will need to play a role [20] , and malicious behavior needs to be countered.
Existing air quality sensing systems have focused on the device and sensor layers, while disregarding the data management aspect [21] . In most of these systems the semantics of the data is hidden or implicit in ad-hoc data schemas and data source descriptions.
In the more general spectrum of smart cities, different previous works have outlined the principles that govern these complex environments [18] . In particular, architectures such as the one described in [12] have shown how heterogeneous devices deployed in an urban settlement can be combined for monitoring purposes. Diving into a more personal level, other works have studied the use of ICT for selftracking [17] , and the social consequences of these trending practices. These technologies have also been widely used for different types of health related activities [5, 25] , going beyond existing diagnosis and prevention practices.
About semantic sensor data management, a good number of works has focused on Linked Data publishing, considering streams as the fundamental building block. More specifically, there have been projects focusing on different aspects related to sensing, including coastal flood monitoring [13] , earth observation remote sensing [16] , or natural hazards [24] .
Citizen Participation in Smart Cities
Smart city projects and initiatives have initially put the focus on public administrations and government organizations as main drivers. The reason is not artificial: in fact, local governments have the financial and logistical means to put in place IT infrastructures and enforce policies at a city-wide level. Whether it is for deploying sensors on roads, or public transportation, or installing smart meter facilities, these governing organizations can coordinate with different public and private institutions to manage this infrastructures (see Fig. 1 ). Even if at this level there may be well-established procedures to enforce city policies, this top-down approach may encounter issues when it reaches the most sensible and heterogeneous layer of the society: the citizens. It is often the case that there is a mismatch between expectations and the actual implementation of smart city policies, when these are put in place by public administrations. This may be due to a lack of a detailed requirement elicitation, planning discrepancies, or unforeseen changes in the local environment.
Complementary to top-down approaches, emergent initiatives from the citizens themselves can provide several advantages for the deployment of smart city projects. These include: -Acceptance. As these initiatives originate on the actual users of the smart city infrastructure, they are easily adopted and the rejection risks are lower. 
Air Quality Monitoring: a Use Case
The domain of application in this work is air quality monitoring. It is a particularly interesting case for citizen-driven sensing, as it is a concern for urban population and it needs fine grained information about pollutant concentrations.
In the context of a city, ambient air quality can be assessed by analyzing the concentration of different pollutants present in the air. These pollutants are emitted by different sources and have distinct characteristics. In consequence, there are different ways and methods to detect them. Competent bodies such as the European Environment Agency, recommend monitoring a list of key pollutants for assessing air quality monitoring. These include: Carbon monoxide (CO), Nitrogen dioxide (NO 2 ), Nitrogen monoxide (NO), Sulfur dioxide (SO 2 ), Ground level Ozone (O 3 ), Particulate matter (PM) and Lead (Pb).
These pollutants appear under different conditions and require distinct technologies for sensing. CO is mostly produced by incomplete combustion processes, which include sources such as transportation, industry, and households. In the case of NO 2 and NO (commonly called NO x ) are mainly produced by the transportation sector. PM is also a product of transportation emissions, as well as heating and industrial processes. PM exists in different ranges of sizes, e. g. 10, 2.5 nm and ultrafine particles (UFP). O 3 is formed by reactions of other pollutants such as NO x and volatile organic compounds.
In order to provide accurate concentration measurements of these pollutants, it is necessary to deploy a sensing infrastructure that spans a vast geographical region, and at a considerably high resolution. In this paper we focus in our experience with an air quality sensing deployment in the city of Lausanne (Switzerland), in the context of the OpenSense2 project 2 . Conventional air quality monitoring in urban settlements such as Lausanne has been traditionally done using high-accuracy reference stations. The main problem with this approach is that it fails to capture the fine grained dynamics of air pollutants, and instead provides only a local view of the location where the reference station is placed. A possible alternative would be to install several high-end stations spread over the city. However, the costs of the equipment and the maintenance they require would not be assumable. Furthermore, even with a dozen of such stations the measurements would still be highly localized.
These limitations motivate the investigation of alternative approaches that change the focus of the monitoring approach, from a centralized to a participatory paradigm.
Empowering Citizen Monitoring through ICT
Citizens have direct access to local events and places which are sometimes uncovered by official monitoring stations. In the case of air quality monitoring this can bring a competitive advantage, given that the air pollutant behavior can be very different even within a small spatial distance. Air street canyons and the diversity of emission sources can result in very different pollutant concentrations from one street to the next one. However, as we have seen in Sect. "Citizen Participation in Smart Cities" there are several challenges and issues that may limit the applicability of citizen-driven monitoring solutions, many of these challenges related to technical constraints.
Fig. 2 ICT infrastructure for smart city monitoring. Citizens need to interact with different services and other infrastructure present in the city (e. g. transportation, medical services). ICT solutions are needed in order to provide communication with these external entities, as well as other features, including privacy protection, mobile sensing capabilities, visualization tools, stream processing, among others. It should also be possible to provide coordination mechanisms with other citizens in the network.
In order to address these challenges, we propose providing the citizens with a comprehensive -but easy-to-use -set of ICT services and equipment that can be adapted to different monitoring scenarios (Fig. 2) . This infrastructure should provide the means not only to connect to different sensing devices, but it should also be capable of interconnecting with other participants, so that a smart city monitoring network can be established.
More concretely, we identify the main features for the ICT infrastructure:
-Mobile sensing. The foremost requirement for such an infrastructure is the capability of sensing through portable mobile applications. We advocate the use of smartphones, which can themselves act as sensors (e. g. using their accelerometers, light sensor, GPS). In addition, external devices can be plugged to the smartphone, via short range communication (e. g. Bluetooth). Smartphones can also capture data that does not necessarily come from devices attached to it but also from human perception of the environment that is input as text, microposts, pictures, etc. Citizen sensing applications should allow providing input through these and other types of sources, in such a way that the smartphone acts as a gateway with minimal storage, processing and communication capabilities.
-Data publishing and sharing. The ability to communicate the sensed data is crucial in order to allow the crowd-sensing scenario to be possible. This includes not only the data flow among citizen sensors, but also external actors such as sensing stations, publishing servers, etc. For these interactions, it is key to provide a standards-based stack, and we propose to base it on REST services, using standard semantic annotations to enhance integration and discoverability. -Stream processing. The data collected by citizen devices arrives as continuous streams of information in potentially high rates. Online processing of real time data is a key feature for producing higherlevel information from the incoming streams. 
OpenSense2: Participatory Air Quality Monitoring
In the OpenSense2 project, we advocate for a hybrid and heterogeneous sensing environment (see Fig. 3 ) where reference stationary stations, mobile sensing devices on public transportation, and crowdsensing, contribute to an overall city-wide view of air quality conditions. This approach has well-identified advantages, which we can analyze from different perspectives:
Coverage. In OpenSense2, we rely on sensors installed on public transportation vehicles, in order to reach the main streets and avenues of the city, covering most of the urban geography. In this way, we reuse an existing mobile infrastructure with predictable schedules and regular patterns over time. However, this network does not have access to the complete geographical extent of the city, e. g. car-free alleyways, open markets, squares, parks, and streets out of the transportation network. For these finegrained measurements and less accessible places, we 
Extensibility.
Monitoring requirements differ from one use case to another, and even in the same deployment, the equipment can evolve over time. The OpenSense2 approach is extensible by-default: the devices can be replaced or upgraded, and even new modalities can be added progressively (e. g. measure new pollutants) without halting the data collection process. Such an ecosystem is also extensible in terms of scale. New mobile sensors and/or crowdsensing participants can integrate the network and extend the overall coverage.
Maintenance and Setup. Reference stations require expensive setup and supervision, not only because of material costs, but also the need for specialized personnel. The mobile sensors on public transporta- [22] , models [23] , mobile recommendations, etc.
Fig. 4 The OpenSense2 approach for Air Quality monitoring in Smart Cities: different planes provide data at different granularities: raw observations, spatio-temporal aggregations, and air quality products and applications, including air pollution maps
tion have the advantage of having their own power supply and virtually no transportation costs. Maintenance is still necessary, although components are less expensive and easier to replace if necessary.
Reliability. Problems in one node or in one sector of the sensing platform can fall back on other part of the network, providing a resilient infrastructure that is flexible in case of unexpected events. These features are vital for OpenSense2 (Fig. 4) , in order to attain the goal of establishing a city-wide monitoring platform. The project has two deployment sites (Zurich and Lausanne), which are used both as demonstrators of these technologies, and also as data science platforms for running health studies. Details on the Lausanne deployment can be found in Sect. "OpenSense2 Lausanne Deployment".
Data management in OpenSense2 requires taking care of several aspects, given the scale and complexity of the system. Orchestrating a coherent and efficient flow of the data is necessary to ensure that raw measurements captured by the sensing devices, can be transformed into data products that can be used by scientists and the general public.
The data collection performed by the sensors is only the first step in this chain of operations. It produces time series that contain the measured values of the air pollutant measurements. This dataset consists of raw observations that cannot be directly interpreted and used by citizens and external applications. Before that, several tasks need to be performed, including data cleaning, interpolation, geo-location corrections, re-calibration, etc. Furthermore, it is required to exploit the spatiotemporal characteristics of the data, in order to understand its semantics. Given the highly localized nature of air pollutant concentrations, it is necessary to correct the location of the observations, and project them to segments that represent a street in the city. In this way, we can provide a view of the distribution of pollutants at street level, and even for sub-segments of a street. Similarly, in terms of time, we may be interested in different time granularity (e. g. hourly, weekly, monthly). It is easy to see that at different periods of the day, the pollutant concentrations differ (e. g. peak hours), and different daily patterns can be analyzed, depending on other contextual parameters. In the case of crowdsensing, the sampling can be very irregular and the distribution of participants over the city may be uneven. In these cases it is important to combine their measurements with those of the public transportation network, whenever it is possible.
After these spatio-temporal distributions of the pollutant concentrations are produced, they can be made available for further analysis and processing. Potential data products generated from these measurements include pollution maps, which can be complemented or validated with pollution models. Other outcomes are air quality models: e. g. loglinear regression models, lagrangian dispersion models, etc [30] . Finally, using these models, enduser applications can be built, leveraging on the available processed datasets. Applications include { TOWARD SELF-MONITORING SMART CITIES personalized recommendations for reducing the exposure to pollutants, or support for health studies related to diseases associated to air pollution.
OpenSense2 Lausanne Deployment
In this section we describe the deployment of the OpenSense2 platform in the city of Lausanne (see Fig. 5 ). The public transportation sensors are installed and maintained in collaboration with the local transport authority 3 , which operates the buses and trolleybuses. Ten buses have been equipped with electrochemical sensors for CO and NO2, a resistive O3 sensor, and a Naneos Partector for particulate matter. Even if the number of buses is limited, it already provides a good coverage of the city, given that a particular bus may be used for different lines, thus changing its path over successive days. These changes are defined depending on availability, days of the week, peak hours and vacation periods. The buses cover different areas of the city, ranging from the lake-side to the city center and the northern suburbs. The sensor boxes installed on top of these buses collect the measurements and send them via GPRS communication to a base station every five minutes. The base station runs an instance of the GSN middleware [1] (Global Sensor Networks), which is devoted to manage the data life-cycle of the sensor observations.
The sensors deployed on the buses constitute the backbone of the smart city air quality monitoring platform. The reliability of the sensors on these buses, as well as their number and sampling frequency offer minimal conditions for providing relatively good data quality, at least in the main streets of the city. However, for the locations where buses are not accessible, OpenSense2 needs to rely on other sources of data. If this is the case, then the OpenSense2 Lausanne deployment needs to use the data from participatory sensing mobile devices. As part of this platform, we make use of tinyGSN [9] , an android application that allows mobile phones to collect sensor data from built-in or external sensors, and -if necessary-report to a central GSN instance. With tinyGSN we are able to provide a common data acquisition, storage and processing environment for mobile and participatory sensing.
In the following, we describe the main characteristics of the GSN and tinyGSN, and how we use them in the project.
GSN: Distributed Data Processing
The GSN (Global Sensor Networks) middleware is deployed as the core back-end for stream processing and data publishing. Its mission is to handle the different stages of the data life-cycle of the incoming data streams. GSN is designed to work as a distributed deployment, which is one of the common needs in monitoring systems. The inherently decentralized architecture of GSN allows different instances to inter-operate, and each instance can expose a number of different virtual sensors (Fig. 6) .
Data input in GSN is managed by wrappers that provide a dedicated connection with the sensors, and are extensible enough to support different protocols and access methods. A set of ready-to-use wrappers (e. g. UDP, serial port, HTTP, etc.) is provided by default, and it is easy to extend them and add new data sources if needed.
The main data abstraction in GSN is the virtual sensor, which encapsulates the data captured by a certain wrapper. These virtual sensors can aggregate and reuse data from other virtual sensors, which allows defining different layers of data, according to specific use case needs. The streams produced by each virtual sensor have an output structure com- posed of one or more fields, which can be defined in terms of a continuous query running over one or more sources. After the data acquisition process, different custom data processing tasks can be applied on top of the virtual sensor data (e. g. data cleaning, classification, outlier detection, etc.). Finally, the data can be stored in a persistent repository, which can be customized (e. g. relational database, time series, triple store, column store, etc.).
GSN instances communicate remotely with each other through a native interface (inter-GSN communication) implemented on top of a ∅MQ (ZeroMQ) 4 message queue mechanism. This native interface helps providing a wide range of possible deployment set-ups, such that GSN instances can be located in different physical machines or data centers. Finally, an access layer on top of the services allows defining permissions over the virtual sensors and the observations they produce. The system has been implemented in Java, while some out-of-the box wrappers are implemented in other languages. The entire project is open-source, and is available in Github 5 , as a standalone project, with an existing and growing community of users and developers.
In the case of the Lausanne deployment, we had to surpass a series of challenges to successfully deliver the measurements as a coherent and searchable dataset. These challenges include: the particularities of the communication protocol with the bus sensor boxes, the data acquisition flow, and the need for health monitoring of the system. The modularity and flexibility of GSN contributed to address these issues satisfactorily. Communication among layers is operated through the ZeroMQ wrapper, providing asynchronous communication, and data messaging with other remote instances of GSN. Experiments on this architecture have shown [7] that GSN can scale to sustain the load of low to mid-level rates of stream elements per virtual sensor when using the ZeroMQbased internal communication system. Details of this configuration can be found on [6] .
Crowdsensing with tinyGSN
The tinyGSN mobile platform provides a native application for Android that enables the configuration of virtual sensors -as in GSN-that directly gather the data captured by the available sensors installed in the phone (see Fig. 7 ). These may include accelerometer, GPS, WiFi, etc., and these data can be collected internally, through a wrapper mechanism. Following the GSN principles, more virtual sensors can be added using custom wrappers, even if these are external to the smartphone, e. g. a NO sensor connected via Bluetooth. As it is the case in GSN too, it is possible to set up additional processing features on top of the sensed data. These may include local storage, cleaning, or privacy protection. The main limitation for these features is the limited battery life of the phone, which can be drained if these functionalities are overused. The data collected by tinyGSN is managed as a stream, and storage is optional. If data is not stored, it is temporarily kept during a certain window of time before being discarded.
While most of the data collection and processing is optimized to be executed locally, tinyGSN provides a data pull and push mechanism that allows sending the data to a centralized GSN server, which can concentrate measurements form different tinyGSN instances (e. g. for aggregation and data collection and integration purposes).
OpenSense2 Data Semantics
One key aspect in OpenSense2 is to provide the means to generate meaningful and semantically understandable data. This is possible thanks to the inclusion of human and machine-understandable metadata that describes the datasets provided by the platform. This allows offering transparent access to the data that is produced, so that it can be reused for different purposes, e. g. as feedback to citizens, as input for citizen scientists, or as validation data for pollution models, among others. Without proper meaningful information this goal could not be effectively achieved. As an example, consider the raw CSV data that GSN originally provides from the sensors in the buses: 
Listing 1 Example of mobile NO 2 sensor readings
Every line in the CSV file represents a measurement, and the same tabular structure is used for all buses, differentiated by the station column (2nd). Although some minimal metadata is provided (e. g. headers) we are missing important metadata such as the sensor specifications, measurements capabilities, units of measurement, etc. Furthermore, there is no information about the streets or avenues where data was collected, and in fact it is also mixed among concurrently reporting buses (i. e. data from different buses may be interleaved). Without any data pre-processing and contextualization, the data provided is of little use. To counter this problem, in OpenSense2 we propose a layered semantic data management model, where at each layer we provide additional value to the data, e. g. through semantic annotations that describe data cleaning and preprocessing, temporal and spatial aggregations, and finally event annotations [6] .
The semantic annotations are described following the RDF standard (Resource Description Framework), which can use commonly agreed vocabularies to represent metadata information. For the sensor observations, RDF is not the most convenient representation for data sharing and transmission, as it can be too verbose and complex. As an alternative, we advocate the use of CSV as the common format for observation measurements, but augmented with rich semantic descriptions that follow the specifications of the CSV on the Web Working Group 6 . As an example of embedded metadata that can be provided for the OpenSense2 data sets, consider the JSON snippet below (Listing 2). It represents a description of a CSV output of sensor data from the GSN middleware, using the metadata model defined by the CSV on the Web group [26] . This simplified JSON metadata description provides URI descriptions of properties such as the time format/type, the units of measurement (e. g. opensense:ppm) or the observed property (e. g. opensenseNO2). These URIs are identifiers that could also be browsed in order to obtain more information about them, following the Linked Data principles [3] . 
Air Quality and Health Studies
Studying the impact of air pollutants exposure on citizen's health is one of the medium-long term goals of OpenSense2. However, it is often not trivial to carry out experiments in this area, given the many technical difficulties of human sensing. In particular, we have tackled some of the technical issues for performing this type of health studies, focusing mainly on the mobile sensing platform, and the activity recognition mechanisms. The mobile sensing platform is based on tinyGSN, and as we have seen, provides customizable and reliable data acquisition functionalities, as well as communication and integration with GSN, and basic processing and cleaning.
For this type of health studies it is not only necessary to measure the pollution levels, but also the estimated exposure of a participant. This estimation depends not only on the concentration of a pollutant at a certain geographical point, but also on the breath air intake. The amount of air (and therefore pollutants) that enters the respiratory system is evidently different depending on the type of activity that the participant is carrying out. The impact of certain pollutants can have different consequences for people's health, even for short term exposures. For these reasons, it is also key to have accurate activity recognition mechanisms that provide a model, which can be combined with the pollutant concentration in order to estimate the intake and exposure levels.
The crowdsensing platform based in tinyGSN will allow us to achieve this goal. Using tinyGSNpowered Android phones we can capture location { TOWARD SELF-MONITORING SMART CITIES (Fig. 8 ) and accelerometer measurements of every participant. As it can be seen in the example, users can be traced as they wander around the city, and we are able to characterize their activities based on the accelerometer data and their location. Activity recognition is also a key element to provide personalized recommendations based on air quality levels. We plan to explore different types of recommendations, guided by the results of the data collection that is currently carried out in Lausanne in collaboration with the CHUV university hospital.
Conclusions & Future Work
In this paper we have analyzed different challenges for a participatory and collaborative city-wide monitoring system. We believe that the combination of government-led actions with citizen bottom-up approaches is the only way to guarantee the success of this type of initiatives, as they require a high level of commitment and adoption by the society. This idea could potentially be applied to different use cases and scenarios in different domains, and we have provided an overview of the main technical challenges for achieving it. We have also described a technical solution that we have developed and deployed, for the particular case of Air quality Monitoring, in the context of the OpenSense2 project. Our experience is focused on the data management aspects, which are orthogonal to domain specific issues, and we think that they can be of use for similar efforts in other latitudes and other types of applications for Smart Cities.
The deployment of this ICT infrastructure serves as a concrete example that smart cities can be able to self-diagnose (in this case, with regards to air pollution), and react to events that it detects through a community-based monitoring system. Then the citizens themselves can take action and propose measures and policies to minimize adverse effects. In the concrete case of air quality, these actions can help reduce the risks of morbidity related to air pollutants exposure.
In the future, we expect that this type of infrastructure, based on the use of mobile sensing platform, or even wearable devices, can help shifting the focus of smart city monitoring towards the citizens. We strongly believe that initiative that emerge from local populations have better chances of success, given that they have the knowledge and experience that other authorities often lack. While one of the main impediments for community-driven monitoring is related to the availability and understanding of related ICT solutions, this reality is rapidly changing. Nowadays, available technology is ready for end-user setup and utilization, under favorable conditions for allowing the development of this type of solutions.
The proposed platform that we have presented, is only a small example of what can be done in many other domains. We foresee that this type of deployment can be the basis for an ecosystem of applications on a city-wide infrastructure, which is devoted not only to monitoring, but also to take concrete community-based actions.
